Starburst galaxies have elevated star formation rates (SFRs) for their stellar mass. In Ellison et al. (2018) we used integral field unit (IFU) maps of star formation rate surface density (Σ SFR ) and stellar mass surface density (Σ ) to show that starburst galaxies in the local universe are driven by SFRs that are preferentially boosted in their central regions. Here, we present molecular gas maps obtained with the Atacama Large Millimeter Array (ALMA) observatory for 12 central starburst galaxies at z ∼ 0 drawn from the Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) survey. The ALMA and MaNGA data are well matched in spatial resolution, such that the ALMA maps of molecular gas surface density (Σ H 2 ) can be directly compared with MaNGA maps at kpc-scale resolution. The combination of Σ H 2 , Σ and Σ SFR at the same resolution allow us to investigate whether central starbursts are driven primarily by enhancements in star formation efficiency (SFE) or by increased gas fractions. By computing offsets from the resolved Kennicutt-Schmidt relation (Σ H 2 vs. Σ SFR ) and the molecular gas main sequence (Σ vs. Σ H 2 ), we conclude that the primary driver of the central starburst is an elevated SFE. We also show that the enhancement in Σ SFR is accompanied by a dilution in O/H, consistent with a triggering that is induced by metal poor gas inflow. These observational signatures are found in both undisturbed (9/12 galaxies in our sample) and recently merged galaxies, indicating that both interactions and secular mechanisms contribute to central starbursts.
INTRODUCTION
The regulation of star formation in galaxies is one of the most fundamental processes in astronomy. Insight into the mechanisms that drive star formation on both local and global scales has seen tremendous progress in the last decade, thanks to a combination of large surveys that measure the global properties of millions of galaxies, complemented with kpc-scale mapping in gas and stars on smaller samples. These approaches are highly complementary, combining vast statistics of global metrics, with the detailed dissection of the most nearby galaxies.
From massive contemporary galaxy surveys, such as the Sloan Digital Sky Survey (SDSS), we have learned that correlations exist between properties such as total stellar mass, global star formation rate (Brinchmann et al. 2004; Noeske et al. 2007; Salim et al. 2007 ), metallicity Kewley & Ellison 2008) , local environment (Peng et al. 2010; Woo et al. 2013; Lin et al. 2014) , internal structure (Wuyts et al. 2011; Bluck et al. 2014 ) and gas content (Catinella et al. 2010; Saintonge et al. 2011) . However, there is considerable scatter within these global scaling relationships, indicating a more complex interplay of physical processes in the long-term assembly of galaxies. For example, scaling relations between two variables may have a higher order dependence on a third parameter. A well-known example of this is the reduction in scatter in the mass-metallicity relation when considering either star formation rate (e.g. Ellison et al. 2008a; Lara-Lopez et al. 2010; Mannucci et al. 2010; Salim et al. 2014) or gas fraction (Bothwell et al. 2013 (Bothwell et al. , 2016 Brown et al. 2018) . Understanding the underlying drivers of star formation regulation therefore often requires multiparameter analyses (e.g. Peng et al. 2010; Woo et al. 2015; Bluck et al. 2016; Teimoorinia, Bluck & Ellison 2016; Bluck et al. 2019 ). The goal of the work presented here is to identify why some galax-ies are driven above the global main sequence, with a particular focus on those that host central starbursts.
Ultimately, the creation of stars from molecular gas clouds is a process that operates on sub-kpc scales, well below the spatial resolution of surveys such as the SDSS, or their gas content counterparts (e.g. Saintonge et al. 2017; Catinella et al. 2018) . In order to reach beyond the clues that come from global scaling relationships, it is therefore necessary to map the gas, stellar and metal content on kpc scales (or below). Initial progress on this front was made using single dish CO observations for a few tens of the closest galaxies, such as the Heterodyne Receiver Array CO Line Extragalactic Survey (HERACLES; Leroy et al. 2009 ). However, local samples are limited in the diversity of galaxies that they can investigate. Creating larger samples of diverse galaxy populations for which the stars and gas can be mapped on kpc-scales has been enabled by two complementary advances in observational facilities. First, large integral field unit (IFU) galaxy surveys now routinely map stars and ionized gas for hundreds or thousands of nearby galaxies at kpc resolution (e.g. Sánchez et al. 2012; Bundy et al. 2015) . Second, CO follow-up using interferometers can match the spatial scale of local IFU surveys, e.g. the Extragalactic Database for Galaxy Evolution Calar Alto Legacy Integral Field Area (EDGE-CALIFA) survey (Bolatto et al. 2017) , providing resolution matched maps of molecular gas for larger samples that are more representative of the low redshift universe.
The combination of stellar mass, star formation rate (SFR) and gas maps has revealed scaling relationships at the kpc-scale that are starting to shed light on the origins of the global galaxy correlations and provide a physically motivated view of star formation regulation. From the IFU surveys alone (which leverage the full potential of sample size, containing millions of spaxels), it has been found that the stellar mass surface density (Σ ) correlates tightly with the star formation rate surface density (Σ SFR ) (the so-called 'resolved star forming main sequence', rSFMS: Sánchez et al. 2013; Cano-Díaz et al. 2016; Hsieh et al. 2017) , as well as with metallicity (Barrera-Ballesteros et al. 2016; ) on kpc scales. Likewise, from CO mapping surveys, the long-known relationship between molecular gas surface density (Σ H 2 ) and Σ SFR , also known as the Kennicutt-Schmidt relation (Schmidt 1959; Kennicutt 1989 Kennicutt , 1998b has been established with exquisite sensitivity and resolution (e.g. Bigiel et al. 2008; Leroy et al. 2008; Schruba et al. 2011) , as well as the molecular gas main sequence relation between Σ and Σ H 2 (Wong et al. 2013; Lin et al. 2019) . The availabilty of dense gas (as traced by HCN) maps for small samples of galaxies reveals additional kpc-scale dependences, such a positive correlation between the dense gas fraction and Σ (Usero et al. 2015; Bigiel et al. 2016; Gallagher et al. 2018; Jimenez-Donaire et al. 2019) .
Beyond these basic scaling relationships, the combination of larger samples and multi-scale diagnostics has revealed a more complex interplay between gas and star formation. For example, although the Kennicutt-Schmidt relation is well represented by a linear slope in nearby star-forming disks (e.g. Bigiel et al. 2008 Bigiel et al. , 2011 Leroy et al. 2008 Leroy et al. , 2013 Schruba et al. 2011; Rahman et al. 2012) , indicating that star formation efficiencies (SFE = Σ SFR /Σ H 2 ) are largely universal, bars and mergers can affect the central depletion time (e.g. Bolatto et al. 2017; Utomo et al. 2017; Chown et al. 2019) . Likewise, although SFR correlates well with dense molecular gas mass on scales from molecular clouds to galaxies (e.g. Gao & Solomon 2004; Wu et al. 2005; Lada et al. 2010) , the significant scatter in this relation, and anti-correlation of the star formation efficiency of dense gas on Σ , point to local environmental regulation of star formation (Usero et al. 2015; Bigiel et al. 2016; Gallagher et al. 2018; Jimenez-Donaire et al. 2019) . As a result, there is significant galaxy-to-galaxy variation of the rSFMS and the SFE can vary by an order of magnitude or more within a given galaxy (e.g. Bemis & Wilson 2019; Tomicic et al. 2019; Vulcani et al. 2019a ).
Starburst galaxies are well known to deviate from global galaxy scaling relations. Defined as having high SFRs for their stellar mass (i.e. high global specific SFRs), starburst galaxies are found to have low metallicities (Hoopes et al. 2007; Ellison et al. 2008a) , high global gas fractions (Saintonge et al. 2016) , high star formation efficiencies (Daddi et al. 2010; Genzel et al. 2010; Saintonge et al. 2011 Saintonge et al. , 2012 and enhanced dense gas star formation efficiencies (Gracia-Carpio et al. 2008; Garcia-Burillo et al. 2012) . Based on spatially resolved IFU data from the Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) survey, Ellison et al. (2018) demonstrated that z ∼ 0 starburst events are preferentially occuring in the central regions of galaxies located above the global SFMS (see also Wang et al. 2019) . Local gas scaling relations indicate that these high central SFRs could be caused by high gas surface densities (e.g Bigiel et al. 2008 Bigiel et al. , 2011 Leroy et al. 2008 Leroy et al. , 2013 Schruba et al. 2011) , elevated central SFEs (e.g. Leroy et al. 2013; Bolatto et al. 2017; Utomo et al. 2017) or environmental effects linked to the radial profile of Σ (Usero et al. 2015; Bigiel et al. 2016; Gallagher et al. 2018; Jimenez-Donaire et al. 2019) . The goal of the work presented here is to distinguish between these scenarios.
There is an abundant literature of studies aiming to isolate either gas fraction or SFE as the cause of starbursts based on global metrics. For example, it has long been known that molecular gas SFEs are elevated for luminous (highly star-forming) galaxies and mergers (e.g. Solomon & Sage 1988; Solomon et al. 1997; Bryant & Scoville 1999; Gao & Solomon 2004) , and there appears to be a general correlation between global SFE and distance above the main sequence both locally and at high z (e.g. Saintonge et al. 2012; Sargent et al. 2014; Genzel et al. 2015; Silverman et al. 2015 Silverman et al. , 2018 Tacconi et al. 2018 ). However, other works have suggested that enhanced gas reservoirs are the key to regulating SFRs (Scoville et al. 2016; Lee et al. 2017) . Indeed, the gas fractions of interacting galaxies (a process known to trigger central star formation, e.g. Ellison et al. 2013; Thorp et al. 2019; Pan et al. 2019 ) are a factor of 2-3 in excess of isolated galaxies (Ellison et al. 2015; Ellison, Catinella & Cortese 2018; Pan et al. 2018; Violino et al. 2018; Lisenfeld et al. 2019) . Moreover, mergers are found to have high column densities of both atomic and molecular gas in their centres (Ueda et al. 2014; Bolatto et al. 2017; Espada et al. 2018; Dutta et al. , 2019 . In practice, both gas availability, and the efficiency of converting that gas to stars may play a role (Saintonge et al. 2012 (Saintonge et al. , 2016 Combes et al. 2013; Lin et al. 2017; Scoville et al. 2017; Elbaz et al. 2018) . For example, Gao & Solomon (2004) have pointed out that while many luminous infra-red galaxies have enhanced SFEs, there is a population of these prodigious star-formers with normal SFRs for their gas mass. Gao & Solomon (2004) concluded that, in this latter population, the high SFRs are due to massive gas reservoirs, but otherwise follow scaling relations and hence might not be considered 'true' starbursts.
Further insight into the various possible drivers of starbursts may be gained by investigating the interplay of gas and stars on local (kpc) scales, to avoid averaging properties over the entire galaxy which may mask the true physical processes at play. Unfortunately, representative studies of kpc-scale gas and stars such as HERA-CLES (Leroy et al. 2009 ) and EDGE-CALIFA (Bolatto et al. 2017) are still too small to include sufficient numbers of rare starbursts to permit their systematic study. Although some previous work has specifically targeted starburst samples (e.g. Gao & Solomon 2004; Garcia-Burillo et al. 2012) , these global studies do not permit kpcscale studies of the inner regions where the starburst is occuring, and can not account for the important role of local environment (Usero et al. 2015; Bigiel et al. 2016; Gallagher et al. 2018) . In this paper, we present a kpc-scale study of 12 central starbursts selected from the MaNGA survey, with follow-up ALMA observations of CO (1-0) matched in spatial resolution in order to conduct a multi-variable kpc-scale investigation of the primary driver(s) of the central starbursts.
In Section 2 we describe the MaNGA and ALMA data used in this work, as well as metrics used to define deviations from local scaling relations. Section 3 contains our main results, based on the azimuthally averaged profiles of starburst galaxy properties as well as a spaxel-by-spaxel correlation analysis. Our results are discussed in Section 4 and our conclusions are summarized in Section 5.
We adopt a cosmology in which H 0 =70 km/s/Mpc, Ω M =0.3, Ω Λ =0.7.
DATA

MaNGA
The MaNGA data used in this paper make use of the public PIPE3D (Sánchez et al. 2016a (Sánchez et al. , 2016b data products from the SDSS Data Release 15 (DR15), with some additional quantities computed by us. Global values used in this paper, such as total stellar mass, total SFR and redshift, are taken from the PIPE3D Value Added Catalog (VAC), provided with the DR15 release (Sánchez et al. 2018 ). We also make use of the public PIPE3D stellar mass surface densities (Σ ) and line fluxes, the latter of which we correct for internal extinction assuming a Milky Way extinction curve (Cardelli, Clayton & Mathis 1989) and an intrinsic Hα/Hβ = 2.85. Surface densities of star formation rate (Σ SFR ) are computed by using the extinction corrected Hα luminosities in equation 2 from Kennicutt (1998a) , assuming a Salpeter initial mass function (to be consistent with the PIPE3D products). Metallicities are also computed by us using the extinction corrected emission line fluxes with the Marino et al. (2013) O3N2 calibration. Finally, we compute inclination corrected galactocentric radii from the V-band centre of the galaxy using the b/a axial ratios from single Sersic fits provided in the NASA Sloan Atlas (NSA) catalog. Inclination corrections are also applied to Σ SFR and Σ . In the analysis presented here, we only use MaNGA spaxels that are classified as star forming according to the Kauffmann et al. (2003) diagnostic criteria, requiring that the S/N in each of the emission lines required for that diagnostic is 3, and that the Hα equivalent width exceeds 6 Å. There are ∼ 1.5 million star-forming spaxels in all of DR15 that fulfill these criteria.
ALMA
The CO data used for the work presented here are taken from the ALMA-MaNGA QUEnching and STar formation (ALMaQUEST) survey (Lin et al. in prep) . The ALMaQUEST survey consists of 46 galaxies at z ∼ 0 selected from MaNGA with ALMA CO (1-0) follow-up observations obtained in Cycles 3, 5 and 6. The AL-MaQUEST sample and data reduction are described in detail by Lin et al (in prep) . In brief, the sample includes both star forming and 'green valley' galaxies selected from the MaNGA DR14 and DR15 with stellar masses in the range 10 < log (M /M ) < 11.5. Since the ALMaQUEST sample was designed to investigate galaxies with a wide range of star formation rates, the survey is not complete in terms of mass or volume, and the relative fractions of star forming, star bursting and green valley galaxies are not representative of the local universe. However, within the stellar mass range sampled, the ALMaQUEST survey allows us to study a broad range of star formation rates, and is hence well suited to studies that aim to investigate the physical mechanisms that both promote, and quench, star formation.
ALMA observations were obtained with proposals 2015.1.01225.S, 2017.1.01093.S, 2018.1.00558.S (PI Lin) and 2018.1.00541.S (PI Ellison) using the C43-2 configuration between 2016 and 2019. In this compact configuration, the beam size of the ALMA observations is well matched to the point spread function of MaNGA observations (approximately 2.5 arcsecs) allowing the datasets to be matched to the same spatial sampling grid of 0.5 arcsec pixels (an angular scale that corresponds to 0.3 kpc at the median redshift of the sample, z=0.03). The largest angular scale of the ALMA observations is set to match the size of the MaNGA IFU. For most of the galaxies in the ALMaQUEST sample this choice is expected to capture most of the CO emission. However, we note that the analysis in this paper is performed on images mapped to the same spaxel grid as MaNGA, such that we are using molecular gas measurements on the scale of 0.5 arcsec, rather than global measurements. Missing flux is therefore not a concern for the analysis presented here.
The CO luminosities are converted to Σ H 2 by assuming a con- Bolatto et al. (2013) ; the implications of adopting a fixed conversion factor are discussed below and in the Results section. As with other measures of surface density used in this work (e.g. Σ , Σ SFR ), we correct Σ H 2 for inclination. In the analysis presented here, we require a S/N 3 in the integrated CO line flux, which mirrors the quality requirement of the optical emission lines. There are 15,330 spaxels in the ALMaQUEST sample that fulfill both the MaNGA quality control criteria described in the previous sub-section and the CO S/N cut.
2.3 Offsets from local scaling relations: ∆Σ SFR , ∆SFE and ∆ f H 2 Several higher order spaxel quantities are computed from the MaNGA and ALMA gridded data, to be used as measures of offsets from resolved scaling relations. These offset metrics allow us to compute how deviant spaxel properties are from the 'norm'. Specifically, we compute the following three offset quantities: ∆Σ SFR , ∆SFE and ∆ f H 2 , all of which are computed in log space relative to the median of their control spaxels, such that for property X, we can define:
∆Σ SFR is computed for every spaxel in the ALMaQUEST sample which passes the quality control criteria described above. First, a set of reference spaxels, used to define the rSFMS, is selected from all star-forming spaxels in the DR15 (not just those in the AL-MaQUEST sample) 1 . For this reference set, we additionally require that the galaxy's inclination is < 70 degrees (b/a>0.34), to avoid effects stemming from high inclinations. To compute a ∆Σ SFR for any given spaxel, a set of 'control' spaxels is drawn from the rSFMS reference sample, matched within 0.1 dex in Σ , 0.1 dex in total stellar mass (of the host galaxy) and 0.1 in R/R e , with typically several hundred control spaxels identified for each spaxel. Matching in R/R e mitigates radial dependences that are known to exist in, for example, SFR and O/H (e.g. Gonzalez-Delgado et al. 2014 Belfiore et al. 2017; Sanchez-Menguiano et al. 2018 ). We do not match explicitly in O/H, since we will later investigate the correlation of metallicity with ∆Σ SFR . However, we tested the impact of including O/H in the matching parameters and find a systematic increase in ∆Σ SFR of ∼0.01 dex, which is negligible. Although we do not expect ∆Σ SFR to depend strongly on total stellar mass (e.g. , other spaxel properties, such as O/H (which we will return to in Section 4) do show a dependence on M (e.g. Hwang et al. 2019) . We therefore include stellar mass matching for all of our offset metrics, for consistency. In summary, ∆Σ SFR can be broadly thought of as the offset from the rSFMS (with additional controls for total stellar mass and position within the galaxy), and hence can identify starburst spaxels. The process of computing a ∆Σ SFR from a sample of matched spaxels, rather than from an established fit to the rSFMS, avoids parametric uncertainties related to fitting approaches and observational effects such as resolution (e.g. Hani et al. 2019 ).
Next, we compute ∆SFE, which captures the relative star formation efficiency of a given spaxel, compared to the norm. To first order, Σ SFR is regulated by the surface density of neutral gas (e.g. Kennicutt 1998b ). However, combining spatially resolved maps of both HI and H 2 has revealed that it is the molecular gas that drives this relationship Leroy et al. 2008; Schruba et al. 2011) . A first order estimate of ∆SFE could therefore simply quantify the offset of a given spaxel's Σ SFR relative to the average value at fixed Σ H 2 . However, further subtle complexities are also encoded into the Kennicutt-Schmidt relation, which shows dependence on, for example, the total stellar mass of the galaxy and the galactocentric radius (e.g. Leroy et al. 2013; Bolatto et al. 2017 ). Multiple matching parameters should therefore be included in the computation of ∆SFE.
Our approach to calculating ∆SFE is analogous to our calculation of ∆Σ SFR , in that we compute the offset of the y-variable (Σ SFR for the calculation of both ∆Σ SFR and ∆SFE) relative to the x-variable (Σ for the calculation of ∆Σ SFR and Σ H 2 for the calculation of ∆SFE). First, we first identify a pool of control spaxels with 'normal' star formation rates to define a reference Kennicutt-Schmidt relation. This Kennicutt-Schmidt reference set is comprised of spaxels from the ALMaQUEST sample with −0.5 < ∆Σ SFR < 0.5 and galaxy b/a> 0.34, to avoid inclination effects. Similar to the process described above for ∆Σ SFR , ∆SFE is then computed as the offset of a given spaxel's Σ SFR from those spaxels in the control sample that are matched within 0.1 dex in Σ H 2 , 0.1 dex in total stellar mass (of the host galaxy), 0.1 in R/R e and 0.1 dex in O/H. These matching criteria will mitigate dependences of α CO on metallicity and galactocentric radius (Narayanan et al. 2011; Bolatto, Wolfire & Leroy 2013; Sandstrom et al. 2013; Cormier et al. 2018) . ∆SFE is then the offset of Σ SFR of a given spaxel relative the median Σ H 2 of its control spaxels, with positive values of ∆SFE indicating greater SFEs (or shorter depletion times). As em-phasized for the calculation of ∆Σ SFR , an important characteristic of the above procedure for calculating ∆SFE is that it does not rely on fitting the Kennicutt-Schmidt relation, the solution to which depends on both dataset specific quantities, such as SFR tracer (e.g. Leroy et al. 2013 ) and the range of SFRs included in the fit (e.g. Gao & Solomon 2004) , as well as the fitting method itself (e.g. Lin et al. 2019) .
The final offset metric used in the current paper is ∆ f H 2 , which captures the relative gas fraction of a given spaxel. ∆ f H 2 is defined as the offset from the molecular gas main sequence (Σ -Σ H 2 ), which forms a third dimension with the resolved SFMS and the Kennicutt-Schmidt relation (Lin et al. 2019) . Specifically, ∆ f H 2 is computed as the offset of Σ H 2 at fixed Σ , with additional spaxel matching in total stellar mass of the host galaxy (within 0.1 dex), R/R e (within 0.1) and O/H (within 0.1 dex). As for ∆SFE, control spaxels are drawn from the combined ALMA plus MaNGA spaxel dataset with normal star formation rates, i.e. −0.5 < ∆Σ SFR < 0.5 and inclinations (b/a> 0.34).
Our conversion from CO luminosity to Σ H 2 assumes a fixed α CO that is representative of a 'normal' disk galaxy (α CO =4.3 M pc −2 (K km s −1 ) −1 ). Starburst galaxies are known to exhibit lower values of α CO (e.g. Downes & Solomon 1998; Bryant & Scoville 1999; Papadopoulos et a. 2012; Sargent et al. 2014) , and resolved studies of gas and dust have indicated lower values of α CO are also common at small galactic radii (Sandstrom et al. 2013; Cormier et al. 2018) . It is therefore likely that our assumption of a fixed α CO is incorrect, with smaller values likely to be more appropriate for the inner starbursting spaxels of our sample (e.g. Magdis et al. 2012; Sargent et al. 2014) . Smaller values of α CO will reduce the Σ H 2 in a given spaxel, shifting it leftwards on the Σ H 2 -Σ SFR plane, and hence above the normal Kennicutt-Schmidt relation, i.e., the effect of variable α CO in starburst spaxels would likely be to increase ∆SFE and decrease ∆ f H 2 . Although the analysis in the following sections uses only a fixed α CO , we also discuss the qualitative effect of a variable conversion factor, given the probable dependence of ∆SFE and ∆ f H 2 .
Central starburst sample selection
The focus of the current paper is galaxies with central starbursts. Although showed that central starbursts are generally associated with galaxies located above the global SFMS, we select our central starburst sample based on local, rather than global properties. Azimuthally averaged radial profiles of ∆Σ SFR are constructed for each galaxy in the ALMaQUEST sample by taking median values within a sliding bin of width 0.5 R/R e . The bin centres are incremented by 0.1 R/R e in each iteration. The bins are therefore not independent, but this approach allows us to represent more of the structure in the profile. Radial profiles for all galaxies in the ALMaQUEST sample were visually inspected to identify those with star formation rates within 0.5 R e elevated by at least 50 per cent. In practice, this was implemented by requiring the median ∆Σ SFR within 0.5 R e exceeds 0.2 dex. Whilst this is a somewhat subjective definition of central starburst, the exact definition does not affect our conclusions. In Ellison et al. (2019) we present a more general assessment of the primary drive of Σ SFR , and its regulation above the rSFMS, for all spaxels in the ALMaQUEST sample.
12 central starburst galaxies are selected from the AL-MaQUEST sample; their total stellar masses and SFRs relative to the complete MaNGA DR15 are shown in Fig 1 and which is the offset from the global SFMS, computed at fixed total stellar mass and redshift. As expected from the results of Ellison et al. (2018) the central starbursts all lie above the global SFMS, with a correlation between ∆SFR and the strength of the central burst. Fig. 2 shows that, in most cases, the starburst galaxies in our sample are characterized by Σ SFR that is centrally enhanced, declining with increasing radius. However, some of the galaxies in the central starburst sample have elevated ∆Σ SFR out to large radii. The term 'central starburst' should therefore not be taken to mean that star formation is boosted only in the central regions, but rather that ∆Σ SFR is enhanced at least in the centres. Whilst two of the galaxies exhibit fairly modest central enhancements with median central ∆Σ SFR ∼ 0.2 dex, the remaining 10 all show enhancesments of at least a factor of two. One third of the sample shows central star formation enhancements of at least a factor of 3 and one galaxy is centrally boosted by over an order of magnitude above expectations from the rSFMS. Overall, the magnitude of the central starbursts within our sample spans almost a factor of ten.
There are a total of 10,765 star-forming spaxels in the 12 central starburst galaxies that comprise our sample, of which 5278 spaxels also have Σ H 2 measurements, from which we can compute ∆SFE and ∆ f H 2 . In Fig. 3 we show the SDSS gri images of our central starburst sample, labeled with their MaNGA plate-IFU ID, and maps of the offset quantities (∆Σ SFR , ∆SFE and ∆ f H 2 ) used in the analysis presented here. We note that ∆Σ SFR values can be calculated for a larger number of spaxels in a given galaxy than ∆SFE or ∆ f H 2 , since we only require spaxels to be robustly detected in the MaNGA data and be classified as star-forming. Calculation of ∆SFE and ∆ f H 2 has the additional requirement that the CO line is detected with S/N > 3, hence the maps for these metrics may be less complete than for ∆Σ SFR . More extensive spaxel maps of other kpc-scale properties are presented in the ALMaQUEST survey paper (Lin et al. in prep) .
The SDSS images shown in Fig. 3 reveal that the majority of our central starburst sample are morphologically normal galaxies, with only three (8156-3701, 8615-3703 and 8081-9101) showing signs of merger features. These three galaxies are outlined in light blue in Fig. 1 . Mergers are a commonly cited mechanism for inducing central starbursts, often proposed to be responsible for populating a distinct sequence on the Kennicutt-Schmidt (Σ H 2 -Σ SFR ) plane (e.g. Daddi et al. 2010; Genzel et al. 2010) . Whilst mergers do indeed trigger starbursts (e.g. Ellison et al. 2008b; Scudder et al. 2012 ) that are centrally concentrated Thorp et al. 2019; Pan et al. 2019) , our sample demonstrates that while (some) mergers can trigger starbursts, other mechanisms can also do so (see also . Since there are other mergers in the ALMaQUEST sample that are not included in the starburst sample presented here, we reserve a detailed analysis of interacting galaxies for a future paper.
The maps in Fig. 3 demonstrate that azimuthally averaged radial profiles, such as those shown in Fig. 2 , compress much of the spatial information. A similar issue has been noted by Thorp et al. (2019) in their MaNGA analysis of post-merger galaxies. We therefore analyse the gas properties of our central starburst sample using both spatially averaged and individual spaxel correlations.
RESULTS
The main question posed in the current paper is: what drives the enhanced star formation rates (as quantified by ∆Σ SFR ) in the centres of the 12 galaxies shown in Fig 2? We consider two broad physical scenarios: 1) starbursts are driven by elevated SFEs; 2) starbursts are driven by elevated gas fractions. We tackle this question by analysing the starburst sample in two principal ways. First, we consider galaxy-by-galaxy properties, in which we spatially average either the central region, or compute azimuthally averaged radial profiles. This approach has the benefit of reducing the complexity of the data (e.g. each galaxy can be represented as a single data point) and allows us to study galaxy-to-galaxy variations, to assess scatter and outliers (e.g. Vulcani et al. 2019a ). Whilst simplifying the data for visualization purposes, the spatial averaging erases the significant internal structure of the properties we are interested in (e.g. Fig. 3 ). To complement this first approach, we therefore also analyze the ensemble spaxel properties of the entire sample, without regard to the galaxy of origin. 
Results from spatially averaged profiles
We begin our analysis by showing in Fig. 4 the median ∆ f H 2 and median ∆SFE within 0.5 R e for our starburst sample. Points are once again colour-coded by their global offset from the star forming main sequence and points representing the three galaxy mergers are edged in light blue. The dashed line distinguishes the regimes in which enhancements in either gas fraction or SFE dominate. Fig. 4 shows that, under our assumption of a fixed α CO , equal numbers of galaxies are dominated by boosts in gas fraction or SFE. At face value then, the distribution of points in Fig. 4 could be interpreted as evidence that both elevated gas fractions and enhanced SFEs play a role in the starburst, with different mechanisms dominating in different galaxies. However, recall that we have assumed a Milky Way-like conversion factor for all spaxels in our sample, with value of α CO = 4.3 M pc −2 (K km s −1 ) −1 . As described in Section 2.3, a variable α CO , whose value will likely be lower for starbursting spaxels (and those at small radii), acts to shift points from the gas fraction dominated regime into the SFE dominated regime, by simultaneously increasing ∆SFE and reducing ∆ f H 2 .
The most extreme values of α CO are found in ultra-luminous infrared galaxies (ULIRGs) where values are typically α CO ∼ 0.8 M pc −2 (K km s −1 ) −1 (e.g. Downes & Solomon 1998) . Adopting such a low conversion factor would reduce Σ H 2 by a factor of ∼ 5 and hence alter both ∆ f H 2 and ∆SFE by ∼ 0.7 dex. However, the central starburst galaxes studied here are not ULIRGs and have SFR enhancements that are much more modest. Therefore, whilst the adopted value of α CO = 4.3 M pc −2 (K km s −1 ) −1 is likely to be an over-estimate, observational evidence of modestly starbursting galaxies, like those studied here, indicate that the correction required to α CO will not be large. For example, based on a comparison of CO and dust based molecular gas masses, Genzel et al. (2015) found very little dependence on α CO for galaxies less than 0.6 dex above the global SFMS. Sargent et al. (2014) present a model for conversion factors that depends in a continuous way on (global) SFR enhancements above the main sequence (see also Magdis et al. 2012 ). For galaxies that lie above the global SFMS by a fac-tor of a few (which is typical of our sample, see Fig. 1 and colour coding in Fig. 4) , α CO is reduced by a factor of 2-3, in turn reducing ∆ f H 2 by 0.3-0.5 dex. Whilst we do not attempt to estimate corrected conversion factors for individual spaxels, for illustration purposes, the vector in the top left of Fig. 4 shows the affect of reducing α CO by a factor of two for these central starburst galaxies. A correction of this magnitude would be sufficient to move all of the data points currently in the enhanced gas fraction regime into the SFE dominated region of the figure. Therefore, whilst the face-value conclusion from Fig. 4 is that gas fraction and SFE can both contribute to generating a central starburst, our assumption of a fixed α CO may over-estimate the role of gas fraction from these centrally averaged values. Indeed, if α CO is lower by a factor of two from the Milky Way value we have adopted, we would conclude from Fig. 4 that enhanced SFEs universally dominated over the impact of gas fractions in the central starbursts.
As expected from Fig. 1 , the colour coding in Fig 4 shows that our central starburst sample galaxies lie on or above the global star forming main sequence. Whilst our sample is small (and uncertainties in α CO make the precise position of points in Fig. 4 uncertain) we note that the two galaxies with the greatest dominence of SFE over gas fraction offsets (in the lower right corner of Fig. 4 ) have the highest offsets above the global main sequence. This finding is consistent with that Sargent et al. (2014) who found that galaxies above the main sequence have elevated SFEs. Fig. 4 minimizes the dimensionality of our data, such that each galaxy can be represented by a single data point. Whilst this has the advantage of a simple visual presentation, the significant spatial variations within a given galaxy (Fig. 3) are lost. We therefore increase the spatial information captured in our analysis by showing in Fig. 5 azimuthally averaged profiles of ∆SFE (left panel) and ∆ f H 2 (right panel) for the central starburst galaxies in our sample. As for the ∆Σ SFR profiles shown in Fig. 2 , we again use a sliding bin of width 0.1 R/R e to generate the ∆SFE and ∆ f H 2 profiles and colour code by global ∆SFR.
The ∆SFE profiles in the left panel of Fig. 5 show a range of amplitudes and shapes. For some of the galaxies, the profiles are fairly flat and have relatively normal SFEs (i.e. ∆SFE ∼ 0), modulo our assumption of a fixed α CO which could under-estimate these values. Other galaxies show a negative gradient in ∆SFE, with some galaxies exhibiting enhancements out to beyond an effective radius. One of the two galaxies with the largest ∆SFE enhancement is 8156-3701, which is one of the mergers in our sample. As expected from the lower dimensional data in Fig. 4 , the two strongest central starbursts (with highest ∆SFR) have the highest central ∆SFE.
The right panel of Fig. 5 also shows a wide range of profile amplitudes for ∆ f H 2 , although 1/3 of the sample show approximately normal, or even surpressed, gas fractions out to 1 R e . There is no obvious connection between ∆ f H 2 and ∆SFR, and the galaxies with the highest global ∆SFR have fairly normal (within a factor of two) central gas fractions. We remind the reader that a variable α CO will lead to lower limits on ∆SFE and upper limits on ∆ f H 2 . If we again suppose that α CO may be reduced by a factor of two (0.3 dex) in the centres of these starburst galaxies, the majority of the (already modest) gas fraction enhancements seen in the right panel of Fig. 5 would disappear, and the ∆SFE enhancements in the left panel Fig. 5 would be further enhanced. The only galaxy in the sample that would still exhibit an elevated central gas fraction after applying a reduced α CO is 8615-3703, another of the mergers in our sample. We conclude that the evidence for enhanced SFEs in our starburst sample is robust to assumptions on the conversion factor. There may also be a contribution from enhanced gas fractions, but this conclusion is dependent on the choice of α CO . Given the large scatter in the profiles of ∆SFE and ∆ f H 2 in Fig. 5, and to investigate the possible interplay between the various offset metrics, it is also useful to inspect the radial profiles on a galaxy-by-galaxy basis. In Fig. 6 we show the profiles of ∆SFR, ∆SFE and ∆ f H 2 for each of the 12 galaxies in our central starburst sample. Purple, blue and orange curves show enhancements in star formation rate (∆Σ SFR ), star formation efficiency (∆SFE) and gas fraction (∆ f H 2 ) respectively. Recall (e.g. Fig. 3 ) that ∆Σ SFR is computed for all star-forming spaxels, whereas a robust CO detection is additionally required to calculate ∆SFE and ∆ f H 2 , leading to different radial extents for these quantities in some galaxies.
As may be expected from the results from the central averages shown in Fig. 4, Fig. 6 shows that some galaxies have ∆SFE profiles that are higher than their ∆ f H 2 profiles, but other galaxies have ∆ f H 2 that exceeds ∆SFE in all radial bins. We emphasize again that enhancements in both SFE and gas fraction can exist out to large radii, at least 1.5 R/R e in many cases. There is no obvious pattern in Fig. 6 that reveals whether gas fraction or SFE dominates in a given galaxy, or if the two metrics are correlated.
Results from spaxel correlations
In the previous subsection we argued that there is strong evidence, that is robust to possible changes in the CO conversion factor, for enhanced SFEs in our sample of 12 central starburst galaxies. Some galaxies also show enhanced gas fractions, but these should be considered upper limits under our assumption of a Milky Way-like α CO .
However, reviewing again Fig. 3 , it can be seen that significant azimuthal, as well as radial, structure exists in our spaxel maps. Although we have referred to our sample as 'central' starbursts, it is clear that the starbursts are clumpy, asymmetrically distributed and often extended. We therefore conclude that azimuthally averaged profiles are likely to be insufficient to capture the parameters that are driving the starburst. In this subsection, we therefore move beyond a galaxy-by-galaxy analysis, by investigating the properties of individual spaxels.
In Fig. 7 we quantify, for all 5278 spaxels in our starburst sample, the correlation between ∆Σ SFR and ∆SFE (upper panel) and ∆ f H 2 (lower panel). This is a direct test of whether the star formation rate surface density in any given kpc region (in our sample of 12 starburst galaxies) is regulated more strongly by SFE or gas fraction. Most of the spaxels in our sample have positive values of ∆Σ SFR . This is a direct result of our starburst selection (see Ellison et al. 2019 for a more general analysis of ∆Σ SFR in the ALMaQUEST sample). Fig. 7 shows that there is a correlation between ∆Σ SFR and both ∆SFE (upper panel) and ∆ f H 2 (lower panel). However, the correlation between ∆Σ SFR and ∆SFE is both steeper, tighter and more significant (based on a Pearson correlation test) than the relation with ∆ f H 2 . The correlation between ∆Σ SFR and ∆SFE would be even steeper for a variable conversion factor, since ∆SFE would systematically increase for increasing ∆Σ SFR . Conversely, the correlation between ∆ f H 2 and ∆Σ SFR would become flatter if a variable α CO were adopted. Fig. 7 is therefore compelling evidence that enhanced SFEs play a dominant role in kpc-scale starburst process.
The upper panel of Fig. 7 suggests that at the highest ∆Σ SFR , spaxels exhibit particularly elevated star formation efficiencies, as indicated by the cloud of points above the dashed line with ∆SFE > 0.7. These points come largely from just two of the galaxies in our sample: 8156-3701 and 8081-3704, which both exhibit the highest ∆Σ SFR and ∆SFE profiles in our sample (see Fig. 6 ). With total stellar masses log (M /M ) ∼ 10.5 and total log SFR ∼ 0.9 M yr −1 , they also lie ∼ 0.7 dex above the global SFMS (see Fig. 1 ), the two most significant outliers from the SFMS in our sample. These findings again support those of Sargent et al. (2014) that galaxies wel above the global SFMS are primarily driven there by elevated SFEs.
DISCUSSION
The primary conclusion of the work presented here is that starbursts are primarily driven by enhanced SFEs. Due to the clumpy, asymmetric and spatially extended nature of starbursting regions, considering the ensemble of spaxel properties provides insight beyond galaxy-by-galaxy averages.
Although our results indicate that starbursts are facilitated primarily by enhanced SFEs, the physical mechanism that leads to this increase remains unclear. Galaxy interactions and mergers are com- monly identified culprits as starburst triggers (e.g. Lambas et al. 2003; Nikolic et al. 2004; Woods et al. 2006; Ellison et al. 2008b Ellison et al. , 2013 Li et al. 2008; Darg et al. 2010; Patton et al. 2011 Patton et al. , 2013 Scott & Kaviraj 2014) . However, only three out of the 12 galaxies in our sample show obvious signs of a recent interaction. Bars may also trigger central starbursts Carles et al. 2016; Martel et al. 2018 ), but the galaxies in our sample do not seem to be dominated by strong bars (Fig 3) . In practice, there are likely to be multiple mechanisms that provide the physical conditions necessary for triggering starbursts. In addition to major mergers and bars, this could include accretion of small satellites (i.e. minor mergers, e.g. Woods Ellison et al. (2008a) were the first to show that galaxies above the global star-forming main sequence have metallicities that are below the mass-metallicity relation, and suggested that this could indicate the role of gas accretion/metallicity dilution in the triggering of starbursts (see also Peeples et al. 2009 ) 2 . The anti-correlation between star formation rates and metallicities that has been seen on global scales has recently been demonstrated on local (kpc) scales as well, with low metallicity regions exhibiting elevated SFRs Sanchez-Almeida et al. 2018; Hwang et al. 2019; Sanchez Menguiano et al. 2019 and enhancing Σ SFR . In such a model, gas flows onto, or within, galaxies dilute the gas phase metallicity in the interstellar medium prior to triggering a starburst.
In order to investigate whether the starbursts in our sample exhibit anomalously low metallicities, we compute an additional offset metric, ∆O/H, which we have introduced previously in and Thorp et al. (2019) and is analogous to ∆Σ SFR . In brief, ∆O/H is the offset of a given spaxel from the resolved massmetallicity relation. For every star-forming spaxel in our sample, we compute the difference of its log O/H from the median of all other star-forming spaxels matched in Σ , R/R e and total stellar mass.
In Fig. 8 we show the ∆O/H profiles of the 12 starburst galaxies in our sample. Panels are plotted in the same order as Fig. 6 , although the y-axis range is zoomed in on Fig. 8 . The ∆O/H profiles are relatively flat, with deviations typically < 0.05 dex. There are two galaxies with significantly offset central metallicities: 8156-3701 and 8081-3704. These are the same two galaxies that show the strongest ∆SFR and ∆SFE enhancements in Fig. 6 and have the greatest globally enhanced SFRs. Recall that one of these galaxies is a post-merger, whereas the other does not show signs of a recent interaction. The supressed central metallicities in these two galaxies are consistent with the results presented in , where we showed that starburst galaxies have low central metallicities in both interacting and non-interacting galaxies. Although the sample is still small, the results suggest that metal-poor gas inflows from either merger-driven, or secular events can trigger starbursts. Whilst one intuitive effect of inflows is to increase the gas fraction in the central regions, our analysis indicates that it is not f H 2 that primarily drives the starburst, i.e. the galaxy's star formation does not simply scale up the normal Kennicutt-Schmidt relation. Although gas fraction enhancements may play a role (e.g. Ellison et al. 2019 ), it appears that the dominant effect behind the starburst is an elevated SFE.
In Fig. 9 we again move beyond a galaxy-by-galaxy analysis and consider the spaxel population as a whole, plotting ∆O/H vs. ∆Σ SFR , with colour coding according to ∆SFE. Once again, we remind the reader that, due to the starburst selection, this figure is dominated by spaxels with positive ∆Σ SFR . Fig. 9 shows that there is a weak anti-correlation between ∆Σ SFR and ∆O/H, consistent with other recent results (Sanchez-Almeida et al. 2018; Hwang et al. 2019; Sanchez Menguiano et al. 2019) . Notably, spaxels with the highest ∆Σ SFR have ∆O/H that are particularly offset below the normal metallicity scaling relation. As can be seen from the colour coding, these are the same spaxels that have particularly high ∆SFE in Fig. 7 . Taken together, our results indicate that, in regions with the strongest starbursts, metal poor gas injection has altered the ISM properties such that the SFE is increased.
SUMMARY
In we showed that galaxies located above the global SFMS preferentially have their star formation rates boosted in their central regions. In the work presented here, we explore whether these central starbursts are primarily driven by an enhanced SFE, or whether it is an elevated gas fraction that leads to excess star formation. We study 12 galaxies with central starbursts selected from the ALMaQUEST survey (Lin et al., in prep) for which we have obtained ALMA maps of CO surface density on the same spatial scale as optical IFU data from MaNGA. We compute offsets from known scaling relations to investigate which prop- erties vary from their expected values: ∆Σ SFR , ∆SFE and ∆ f H 2 are a given spaxel's offset from the rSFMS, the Kennicutt-Schmidt relation and the molecular gas main sequence, respectively. Based on an analysis that studies averaged central properties and radial gradients, as well as the complete ensemble of ∼ 5300 spaxels in our sample, we find that the central starburst is primarily driven by enhanced star formation efficiencies. Elevated gas fractions may play an additional role, but this is uncertain due to the likely variable CO conversion factors in the star bursting spaxels. Star formation efficiencies are particularly enhanced in galaxies with the greatest offset from the global SFMS. These most significant starburst galaxies also show central supressions in their O/H, consistent with a scenario in which the starburst has been triggered by an influx of low metallicity fuel. Since only a minority (25 percent) of our sample show signs of a recent interaction, we conclude that a variety of mechanisms can be responsible for these central starbursts, although the generic characteristic is of an enhanced star formation efficiency. ∆ SFE (dex) Figure 9 . A weak anti-correlation between ∆ O/H and ∆Σ SFR for ∼ 5000 spaxels in the ALMaQUEST starburst sample indicates that starbursting regions are slightly metal-poor.
